Introduction
DNA barcoding is a new technique that uses short, standardized DNA sequences (400-800 bp) of an organism to determine its identity. Because this sequence has to be variable enough to identify individual species, but not too variable within the same species so that a clear threshold can be defined between intra-and inter-specific diversities, it is very challenging to apply this technique to all species on the planet 1 . A DNA barcode has been identified for animals, i.e. the mitochondrial gene cox1 [2] [3] [4] [5] , which shows strong abilities in identifying cryptic species, accelerating biodiversity inventories and helping to identify species from degraded material (e.g. to control trade of threatened) 3, [6] [7] [8] [9] . For plants, the identification of a suitable DNA barcode is more problematic. Cho et al. 10 showed that mitochondrial DNA evolves too slowly in plants to provide a region variable enough to discriminate between species. Then the quest for the best suitable barcode started 11 and is still ongoing 12 
Kress et al. 13 opened the debates and suggested the use of multiple genes to identify plant species quickly and accurately. At the Second International Barcode of Life Conference in Tapei (September 2007), at least five different plant DNA barcodes were proposed 12 , but no consensus reached. Among those, both atpF-atpH and psbK-psbI suggested by Kim et al. 12 have not yet been tested. Here, we evaluate the use of these loci as DNA barcodes for plants by applying them to a wide range of plant species. The two new intergenic loci atpF-atpH and psbK-psbL are both localized in the large single copy (LSC) of the plastid genome. The genes atpF and atpH encode ATP synthase subunits CFO I and CFO III, respectively 14 . Both genes psbK and psbI encode two low molecular mass polypeptides, K and I, respectively, of the photo-system II 15 . These two new loci are conservative from algae to land plants and even in parasitic plants [16] [17] [18] . In this study, we focus on the trees and shrubs from the Kruger National Park (hereafter KNP), part of the Maputaland-Pondoland-Albany hotspot 19 in southern Africa. On a selected sampling from the 2,700 taxa surveyed in the area, we applied several metrics following Lahaye et al. 20 to evaluate the efficiency of combining matK either to trnH-psbA and/or atpF-atpH and/or psbK-psbI 12 for DNA barcoding purposes.
Material and Methods
Sampling. In total 101 taxa from the KNP were sampled, covering 18 families from the monocotyledons to the euasterids II. This dataset included 31 species of trees and shrubs in which we had more than one representative per species, 3 species of Orchids, one of which with 2 representatives, and 3 parasitic plants, one of which is achlorophyllous.
Parasitic plants have been sampled to test the universality of the potential DNA barcodes.
We used Amborella trichopoda Baill. (complete genome GenBank accession AJ506156) as outgroup for the phylogenetic analyses. All specimens were collected in different ecosystems when possible ( Figure 1 ) and voucher specimens are available as detailed in Table 1 .
Collection and preservation. Collection of plant material was done in the KNP with the assistance of the park's rangers. Plants were sampled and pressed for herbarium voucher specimens in triplicate, one for the herbarium of the KNP, one for Kew Herbarium (K; United Kingdom), and one for the herbarium at Pretoria (PRE; South Africa).
Information about the locality and habit of collected plants were entered on a palmtop-GPS to facilitate their further treatment, and also noted on hard copy for security. For each plant collected, leaf material was stored in silica for molecular studies, and flowers and fruit stored in ethanol when available.
DNA sequencing. Total DNA was extracted from dried leaf material using the standard method of Doyle and Doyle 21 and cleaned with QIAquick silica columns (Qiagen, Helden, Germany). Sequences of matK and trnH-psbA for each taxa were published in Lahaye et al. 20 and their accession numbers are available from GenBank (Table 1) . We amplified atpF-atpH and psbK-psbI using PCR as follows: 35 cycles, 30 sec denaturation at 94ºC, 40 sec annealing at 51ºC, and 40 sec extension at 72ºC. Primers were kindly provided by Kim Ki-Joong: atpF-atpH-atpF 5'-ACTCGCACACACTCCCTTTCC-3', atpH 5'-GCTTTTATGGAAGCTTTAACAAT-3'; and psbK-psbI: psbK-5'-TTAGCCTTTGTTTGGCAAG-3', psbI-5'-AGAGTTTGAGAGTAAGCAT-3'. After cycle sequencing using Big Dye terminator v3.1 and sequencing on a 3130xl genetic analyzer (Applied Biosystems, UK), electropherograms were edited using SEQUENCER 4.6 software (Genes Codes Corporation, USA) and DNA sequences aligned by eye in PAUP4b10* 22 (incomplete sequences at both ends were excluded from the analyses).
Taxa with missing data (amplification or sequencing failed) were removed from the combined matrix in order to analyze complete matrices. Table 1 . Material sampled for this study, species checked in IPNI, voucher, GPS and altitude information, GenBank accession numbers. All vouchers have been collected in triplicate, one for Kew Herbarium, one for the herbarium of the KNP at Skukuza (South Africa), and one for the National Herbarium at Pretoria (South Africa).
Genetic analyses.
Inter-and intra-specific genetic divergences were calculated using each potential DNA barcode following Meyer and Paulay 23 . Three different metrics were used to characterize intra-specific divergence: (i) average pairwise distances between all individuals sampled within those species that had at least two representatives, (ii) 'mean theta', with theta being the average pairwise distances calculated for each species that had more than one representative, thereby eliminating biases associated with uneven Phylogenetic analyzes. To evaluate whether species were recovered as monophyletic with each barcode, we used standard phylogenetic techniques. Note that this is not to say that barcodes can be used to reconstruct phylogenies, because in this case we are disregarding the recovered inter-specific relationships. Trees were built with PAUP4b10* 22 using Maximum Parsimony (MP) and UPGMA, the two best algorithms in terms of percentages of species correctly identified 20 . UPGMA trees were inferred with PAUP4b10* from K2P distances. MP analyses were performed using tree bisectionreconnection (TBR), branch swapping and 1,000 random addition sequence replicates keeping 10 trees at each step. MP analyses have been performed with and without coding indels as a 5 th state in order to assess the impact of keeping this information for barcoding purposes.
Coalescence analyses. For each barcode, we identified those clusters that were derived from an independent coalescence process and asked whether they matched previously recognized taxonomic species, using methods developed by Pons et al. 25 and Fontaneto et al. 26 . The likelihood of waiting times between successive branching events on a DNA barcode-based tree was calculated under the null model that all terminals were derived from a single coalescence process, and under the alternative model that all taxa derived from a set of two independently evolving populations. With the alternative model, a threshold age T was calculated, at which point the older nodes represented inter-specific diversification events whereas the younger nodes represented separate coalescent processes typical of intra-specific clusters. We used DNA barcode-based trees from MP and transformed branch lengths with nonparametric rate smoothing 27 to produce ultrametric trees, i.e. branch lengths reflecting time only. We also used the ultrametric UPGMA trees. Likelihood models were determined using an R script available from TGB.
Results & Discussion

Molecular characteristics and PCR success.
Amplification was generally successful for each potential barcode tested with more than 92% of taxa successfully amplified and sequenced ( Table 2 ). The best percentage was given by matK with 99% of taxa sequenced and the lowest percentage was obtained for trnH-psbA with 92%. The potential DNA barcode psbK-psbI showed PCR and sequencing performances very close to those of matK with 98% of taxa successfully amplified. Both atpF-atpH and trnH-psbA failed to amplify the parasitic/non-chlorophytic plant Hydnora johanis. Alignment of sequences was unproblematic for matK and psbK-psbI, but trnH-psbA and atpF-atpH presented significant difficulties due to a high level of length variation (225 to 758 bp and 218 to 847 bp, respectively). Because its alignment was not reliable by Clustal X, we performed a first visual alignment between congeneric species and then aligned all taxa by adding as many gaps as necessary to keep the homology between congeneric species for inter-and intraspecific calculations. The alignment of trnH-psbA revealed a highly conservative intron only for the Orchidaceae and Amaryllidaceae which has been identified previously 20, 28 . Combining matK to one of the other potential barcodes allowed building a matrix including sequences for all taxa ( Table 2) . Table 2 . Percentages of taxa represented in each matrix by at least one sequence.
Intra-and Inter-specific diversities. Performances of each DNA barcode was assessed
by means of inter-and intra-specific diversity calculated from K2P (Kimura's two parameters) pairwise distance matrices (barcoding.si.edu/; Table 3 ). The highest interspecific diversity was reached by atpF-atpH (3.45%) followed by trnH-psbA (2.55%) and the lowest was given by psbK-psbI (1.06%) with matK between these (1.34%). Regarding the different metrics to infer the intra-specific differences, the mean theta was in most cases similar to the average of overall intra-specific distances because there is no bias associated with species over-sampled in our study with the majority of the species represented by three specimens. The mean coalescent depth was slightly superior to the average of overall interspecific distances because it takes into consideration only the highest distance between specimens sampled for a species. Results showed the highest mean of intraspecific differences for trnH-psbA regardless of the metric used ( Table 3 ).
The lowest values were obtained for both atpF-atpH and psbK-psbI. Wilcoxon rank tests performed on the different distance matrices showed with very high significance that trnH-psbA had by far the highest inter-specific variability, followed by matK and atpF-atpH, which had a similar divergence ( Table 4 ). The highest intra-specific distances were also significantly reached by trnH-psbA whereas the three other loci presented almost similar values ( Table 3 . Measures of inter-and intra-specific K2P distances for four potential barcodes and different combinations applied to a selective sampling from the KNP. Table 4 . Wilcoxon signed rank tests of inter-specific divergence among loci. Table 5 . Wilcoxon signed rank tests of intra-specific difference among loci.
In a multi loci approach for DNA barcoding purposes, the highest mean of inter-specific variability was achieved by matK combined with trnH-psbA and atpF-atpH whereas the highest mean of intra-specific distances were given by combining matK with trnH-psbA (Table 3 ). Wilcoxon statistical rank tests showed the combination matK + trnH-psbA having the highest inter-specific pair-distances (Table 4 ). They revealed also that all the combinations including trnH-psbA had a higher intra-specific variability than combinations without it ( Table 5 ).
Distribution of distances.
Accuracy of each DNA barcode was assessed by looking at the distribution of inter-and intraspecific K2P distances to infer the barcoding gap 23 .
Distributions were similar for each single potential barcode with two peaks of inter-and intraspecific variability that could be distinguished ( Figure 2 ). Each distribution also showed a slight overlap between intra-and inter-specific distances, but to a lesser extent for matK and trnH-psbA. Combining the different loci showed distributions with a slight decrease of this overlap (Figure 3 ). Figure 3 . Relative distributions of inter-specific divergence between con-generic species (yellow) and intra-specific K2P distances (red) for 7 different combinations keeping matK for each. Barcoding gaps were assessed with Median tests and Wilcoxon Two-Sample tests, and all were highly significant (p<0.0001).
Two clear peaks were still distinguishable and a slight overlap still occurred between low classes of intra-and inter-specific distances, but the overlap observed was less than that for the single locus approach. These observations were confirmed by median and Wilcoxon two samples statistical tests differentiating the medians for the former and the medians plus the distributions between the inter-and intra-specific distances for the latter. For each distribution, Median and Wilcoxon two sample tests were significant ( and psbK-psbI, but it increased the percentages of species correctly identified by 6% and 7% given by the more variable atpF-atpH and trnH-psbA, respectively. In a multi-loci approach, it is noteworthy that combining all potential barcodes did not result in 100% monophyly for species whatever the reconstruction method. Each barcode failed in grouping the two different species of Faurea. That can be done by using the intergenic locus atpF-atpH and by coding the gaps in the matrix as 5 th state of character, but this decreases the total percentage of monophyletic species. In a multi-loci approach, combining matK and psbK-psbI gave the highest percentage of monophyletic species ( Table 7 . Proportion (%) of monophyletic species (with BS > 50% in brackets) recovered with UPGMA and MP analyses with gaps not coded and coded as a fifth character state.
Coalescence. The accuracy of the DNA barcode can be assessed by evaluating the ability of each candidate to give genetic clusters that are derived from an independent coalescence process and that corresponds to a recognized taxonomic species 25, 26 . The highest number of genetic clusters corresponding to taxonomic species was given using the UPGMA trees. Transforming MP trees by NPRS for coalescence analysis gave half the genetic clusters corresponding to taxonomic species compared to the UPGMA trees (Table 7) . In a single barcode approach, matK gave the highest numbers of genetic clusters corresponding to taxonomic species (Table 8) . When matK was combined with psbK-psbI the value increased from 22 to 23 genetic clusters corresponding to recognized species. Molecular evolutionary rates of both matK and psbK-psbI showed higher abilities to differentiate independently evolving entities corresponding to taxonomic species than the high variable trnH-psbA and atpF-atpH. Table 8 . Coalescence analyses indicating the number of independent genetic clusters corresponding to taxonomically recognized species.
Our results showed that combining matK to trnH-psbA and psb-psbI can slightly increase its performance in identifying species. However we still support the conclusion of Lahaye et al. 20 
